SUMMARY
Controls on the solution chemistry (minimum nitrite and hydroxide concentrations) are in place to prevent the initiation and propagation of pitting and stress corrosion cracking in high level waste (HLW) tanks. These controls are based upon a series of experiments performed on carbon steel coupons in simulated waste solutions. An experimental program was undertaken to investigate reducing the minimum molar nitrite concentration required to confidently inhibit pitting. A statistical basis to quantify the probability of pitting for the tank wall, when exposed to various dilute solutions, is being developed. Electrochemical and coupon testing are being performed within the framework of the statistical test matrix to determine the minimum necessary inhibitor concentrations and develop a quantitative model to predict pitting propensity.
A subset of the original statistical test matrix was used to develop an applied understanding of the corrosion response of the carbon steel in the various environments. The interim results suggest that there exists some critical nitrite concentration that sufficiently inhibits against localized corrosion mechanisms due to nitrates/chlorides/sulfates, beyond which further nitrite additions are unnecessary. The combination of visual observation and the cyclic potentiodynamic polarization scans indicate the potential for significant inhibitor reductions without consequence specifically at nitrate concentrations near 1 M. The complete data sets will be used to determine the statistical basis to confidently inhibit against pitting using nitrite inhibition with the current pH controls. Once complete, a revised chemistry control program will be devised based upon the probability of pitting specifically for dilute solutions which will allow for tank specific chemistry control implementation.
INTRODUCTION
Large underground carbon steel tanks are used to store high level radioactive waste at the DOE Savannah River Site (SRS). An assessment of the potential degradation mechanisms of the high level waste (HLW) tanks determined that nitrate-induced pitting corrosion and stress corrosion cracking were the two most significant degradation mechanisms. [1] Controls on the solution chemistry (minimum nitrite and hydroxide concentrations) are in place to prevent the initiation and propagation of pitting and stress corrosion cracking in the tanks. These controls are based upon a series of experiments performed using simulated solutions on materials used for construction of the tanks. The addition of hydroxide and nitrite keep the pH above the vulnerable regime and inhibits the cathodic reaction.
The current inhibitor concentration limits are organized and listed in Table 1 by nitrate concentration range, and shown graphically in Figure 1as a function of the nitrate concentration. The hydroxide and nitrite concentration limits address nitrate-induced corrosion in the concentration range 0.02 M to 8.5 M nitrate in five limits, labeled L1 to L5. Limits L1, L2, and L3 cover the range 1 M to 8.5 M and specify the minimum hydroxide concentration and the minimum sum of the hydroxide and nitrite concentrations that are required to prevent stress corrosion cracking. Limits L4 and L5 control nitrate concentrations below 1 M. show the data at 40 ºC and 30 ºC with the L4b limit. L4b incorporates a safety factor of 1.5 on the required nitrite concentration, which was selected based on engineering judgment. Nitrite inhibition is allowed by Limit L4b (and L5b) only up to 40 ºC; higher temperatures require the application of L4a (and L5a) up to a maximum temperature of 100 ºC. The addition of the L5 limits sets a lower bound on the required nitrite concentration independent of the nitrate concentration. Limits L4 and L5 also contain experimentally determined minimum nitrite limits for chloride and sulfate, which are also known to be able to induce pitting in carbon steel. [4] In the event that the nitrate anion is in low concentration and is not the principal corrosive anion, minimum nitrite levels can be calculated based upon the chloride or sulfate concentrations. The greatest nitrite concentration based on nitrate, chloride, or sulfate becomes the controlling limit. The chemistry control program has thus far been implemented by applying a safety factor on the data based upon engineering judgment. The ideal chemistry control program would add the lowest volume of salts to maintain the solution chemistry at a desired concentration to minimize corrosion vulnerabilities. It was proposed that a probability based approach can be used to quantify the risk associated with the chemistry control envelope. This can lead to an application specific chemistry control program, e.g. broadening the envelope for closure goals, while maintaining current levels for long-term storage.
Two options to relax the chemistry control program without significantly affecting the risk of pitting (where [NO 3 -] < 1M) were considered: (1) Reduce hydroxide limits, or (2) Reduce required nitrite concentration. An experimental program was undertaken to investigate option 2, i.e. the minimum molar nitrite concentration required to confidently inhibit pitting.
TECHNICAL APPROACH
The technical approach to develop a probability based chemistry control program was based upon gathering sufficient data to develop a predictive tool for corrosion vulnerability. Electrochemical testing and coupon exposure testing will be done with the framework of the statistical test matrix to build the database which will be used for predictive purposes. The electrochemical testing was done to determine the electrochemical regimes in which low carbon steel is susceptible to pitting, while the coupon exposure testing is planned as confirmatory. The electrochemical test approach is presented here, while the coupon exposure tests will be integrated into the results once the test program is complete.
Statistical Approach
A statistical basis to quantify the probability of pitting for the tank wall, when exposed to various dilute solutions, is to be developed. A logistical regression analysis was chosen to develop the probability in terms of the relationship between the nitrate and nitrite concentrations; this type of regression analysis is recommended where the response or test result is binary in form, i.e. either pitting is present or is absent (no pitting). Based on the entire data set of laboratory pitting test results, logistical regression analysis yields curves of constant probability of pitting for various sets of nitrate/nitrite concentrations as shown in Figure 4 . [5] As stated above, the current chemistry control program for pitting prevention is based on a least-squares fit of the minimum nitrite concentrations at which pitting was absent to the nitrate concentrations at which the tests were performed. However, because there is scatter in these data (some nitrite/nitrate combinations yield both a pitting and a no-pitting response in duplicate tests, for example), the logistical regression analysis finds a probability of pitting to be near 20% (0.20) rather than near 0% for the set of nitrate and nitrite concentrations defined by the corrosion control program's limit 4b. Figure 4 includes the 10% and 50% probability of pitting curves for comparison. The logistical regression analysis was used to identify an additional 105 design points to be tested to ensure nopitting predictions with a high level of confidence. Figure 5 provides a plot of the existing data and the design points where a pitted outcomes from various testing programs are represented by a blue "r" or a red "r" and outcomes that showed no pitting are represented by a solid blue circle "h" or a solid green circle "h". The data represented in blue are the results of the short experimental study performed recently in support of this task, while the other data is a compilation of historical data. The pitted outcomes are a larger size in this plot to enhance their identification. Most of the available data were taken with salt solutions of relatively low molar concentrations of nitrate and nitrite. Figure 5 also provides a plot of the new design points (■) along with the previous results. These points should complement the available data and help select and develop an appropriate, representative statistical model for the interpretation of these data. The model may then be used to establish a rule(s) for the use of nitrite to confidently inhibit nitrate induced corrosion pitting. 
Figure 5: Plot of Previous Tests and Design Points
By treating the past corrosion pitting study data as a binary function, leading to either a pit or no-pit situation, a statistical model was applied and additional solution chemistries were elected for study. Of 105 total solution chemistries identified for experimentation, 52 design points were evaluated, selecting every other point in order to spread out the solution chemistry design points.
The specific constituents of the solution chemistries that were tested are shown in Table 2 . The concentration of the nitrate and the nitrite anions were the design points as determined by the test matrix. However, other aggressive anions, i.e. chloride and sulfate, known to be inhibitor controlling in sufficient quantities, were added to the solutions chemistries to provide a more representative solution. [6] The concentration of chlorides and sulfates in the solutions tested were calculated based upon the maximum allowable per current chemistry control programs as a function of the nitrite inhibitor. For example, solution 105 has a nitrite concentration of 1.25M corresponding to an allowable of 0.018M chloride and 0.0672 sulfate per the chemistry control standards. In addition, the chemistry control program has a minimum pH requirement of 10.3, maintained in the test with the appropriate ratio of carbonate/bicarbonate vs. sodium hydroxide typically credited in the HLW tanks. The pH was maintained through use of a buffered solution rather than sodium hydroxide due to its potential depletion from reaction with carbon dioxide thereby reducing the pH of the test solution. [7] 
Electrochemical Testing
Electrochemical testing was performed on ASTM A537-Cl.1 (normalized) steel, the material of construction of the Type III HLW tanks. A three electrode electrochemical testing cell consisting of a working electrode (WE), a counter electrode (CE), and a reference electrode (RE) was used for testing. The WE is the material for corrosion testing. The CE conducts the generated current during a controlled-potential test. The WE potential is measured relative to the RE potential, from which corrosion response can be measured. The cyclic polarization technique was used in this case to run experiments on various solution chemistries. The testing was done at a bulk solution temperature of 40 °C, representative of the typical waste tank, and to reconcile with historical pitting results. The details of the steel, test technique, and test matrix are presented in this section.
Steel Specifications
The tanks were fabricated with semi-killed, hot-rolled A537-Cl.1 plate, with nominal composition shown in Table 3 . The A537 steel is a ferritic/pearlitic steel with the nominal microstructure shown in Figure 6 . 
Cyclic Polarization Testing
The cyclic polarization technique was used to evaluate the propensity for pitting based on a slow linear sweep of the electrochemical potential of a metal, as shown in Figure 7 . The metal is first polarized towards anodic potentials then reversed towards cathodic potentials. The graphical output of the experiment is a plot of log current density versus potential. Both forward and reverse sweeps are shown on one plot. Significant hysteresis between the sweeps is an indication of pit formation. The scan is used to measure pitting and crevice corrosion susceptibility. It is also used to characterize the stability of oxide coating and to determine the effectiveness of inhibitors.
Figure 7: Schematic of Cyclic Polarization Scan
Experiments were conducted with 1.6-cm diameter discs as the working electrode (test specimen) with a copper wire affixed to the back of each disc using conductive epoxy adhesive. The specimen and wire were mounted in metallurgical epoxy. Test specimens were ground to 800-grit finish prior to testing to remove native oxide layers and ensure a consistent surface finish, minimizing surface effect. The electrochemical cell was set up with two graphite rods used as the counter electrodes. The reference electrode was a Ag/AgCl electrode for solutions C091 to T L S C105 and saturated calumel electrode (SCE) connected to a Luggin salt bridge for solutions C001-C089. The SCE in conjunction with a Luggin bridge was used to minimize noise/interference in the scans, as well as reduce the IRdrop which can form when large distances separate the working electrode and reference electrode. [8] Solutions were batch prepared using distilled water and reagent-grade chemicals: sodium chloride, sodium sulfate anhydrous, sodium carbonate, sodium bicarbonate, sodium nitrite, and sodium nitrate. The pH was maintained to 10.0 using a constant ratio of 7 to 13 for sodium carbonate to sodium bicarbonate, respectively. The gram amount of carbonate and bicarbonate added was determined based on the nitrite amount. Sodium chloride and sodium sulfate, introduced to promote corrosion, were added based on maximum amount allowable under current chemistry control limits, see L4c and L4d. Sodium nitrate and sodium nitrite varied based on statistical modeling values. Two electrochemical scans were performed simultaneously on samples submerged in solution and heated to 40 ºC with heating tape and a hot plate as shown in Figure 8 . The cyclic polarization scans were performed by polarizing from -0.1 V vs. E OC to 1.2V vs. E OC using a scan rate of 0.5 mV/sec on the forward and reverse scans.
Figure 8: Electrochemical Experimental Setup
Since the cyclic potentiodynamic polarization (CPP) scan was performed over a broad range of potentials, ion chromatography was used to determine if the solution chemistry, in particular the concentration of nitrate and nitrite, was changed before and after the electrochemical scans. Results, shown in Table 4 , indicate only minor variation as a result of the scans. Visual observations were made on the coupons at the conclusion of the CPP scans to determine extent of corrosion on the surface. These observations were used to categorize the relative corrosivity of the solutions towards the steel.
The observations were then correlated with the CPP scans.
RESULTS AND DISCUSSION
Several critical data from the CPP scans were recorded when available and used to determine the propensity for pitting. These were the corrosion potential or open-circuit potential (OCP), the pitting potential, and the repassivation potential. The open circuit potential is the equilibrium potential coordinant with no net current transfer. The pitting potential is typically associated with a large increase in current at an essentially constant potential indicating the localized breakdown in passivity, and consequent pitting. This pitting potential can manifest as a breakdown potential near the OCP, or can be limited to the transpassive regime of the scan. The presence of a breakdown potential near the OCP indicates high susceptibility to pitting, while breakdown only at the transpassive regime indicates strong resistance to pitting. The repassivation potential is where the current density re-crosses the passive portion on the reverse leg of the cyclic polarization scan, indicating passivation and consequent cessation of pitting. However, a CPP scan without a repassivation potential indicates that the pitting is self-propagating and the passive film never returns to its protective state. The lack of a repassivation potential may also be indicative of crevice corrosion, which can be determined by visual examination of the electrochemical test coupon. This subset of CPP scan data were used to determine any single-variable effects on the potential data; however, once the test matrix is complete, multi-variate statistical methods will be used to determine any synergistic effects.
The surfaces of the electrochemical coupons were also examined microscopically for the presence of corrosion after the CPP scans were completed. Corrosion of the electrochemical test coupons can be used to confirm the propensity for pitting as well as determine the potentials at which localized corrosion is possible. Time-lapse photography was used on selected tests to confirm that pitting occurred only in the transpassive regime of the CPP scans. The results of the CPP scans and the surface examinations are discussed in the subsections below.
CPP Scans
The open-circuit data were analyzed to determine any effect of the solution constituents on the OCP. The OCP data, shown in Figure 9 , did not suggest any obvious and consistent variation of OCP as a function of nitrate concentration in the ranges tested, consistent with literature data on cyclic polarization scans performed on inhibited solutions. 
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Figure 9: Open-Circuit Potential as a Function of Nitrate Concentration
Trends in the OCP as a function of R-value were also investigated as shown in Figure 10 . The R-value is defined to be the ratio of the molar concentrations of inhibitor species (nitrite) to the sum of the aggressive species (nitrate, chloride and sulfate), The R-value is a simple comparison between chemistries and can be utilized to assess the potential for corrosion. [10] High R-values indicate that the potential for corrosion is minimal, while low R-values indicate a high potential for corrosion due to insufficient inhibitor concentrations. The OCP data did not indicate any trends with simple statistical analysis. The data were also analyzed to determine the presence of a pitting potential related to the breakdown of passivity prior to polarization into the transpassive regime. The broad majority of the CPP scans during the testing indicated breakdown only at the transpassive region at a potential of approximately 800mV-SCE, particularly at high Rvalues, as shown in Figure 11 . However, there were several data that indicated a breakdown potential prior to polarization into the transpassive region, as shown in Figure 11 . In addition, it is seen that the breakdown potentials at lower R-values have a broad variation, but primarily occurred at lower than the transpassive region. As the Rvalues increase, the breakdown potentials tend to increase towards the transpassive, and indicate less variation with the exception of a few data points. 
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Figure 11: Breakdown Potential as a Function of R-Value
Literature data have indicated breakdown potentials near -250 mV-SCE on CPP scans with nitrate concentrations greater than 0.1 M when the solution pH is 9.73 and does not contain nitrites. These breakdown potentials indicated a significant increase in current density beyond the limiting current density of the testing and were obviously lacking repassivation, suggesting pitting that was self-propagating. In addition, the pitting potential decreased near the OCP with chloride concentrations greater than 0.1 M even with 0.11 M nitrite present but with a solution pH of 9.73. [11] The literature experiments concluded that chloride was a more aggressive pitting agent relative to nitrate and found that the pitting potential varied as the simple function:
E p = A-B log C i
Where: E p = pitting potential (mV) A, B = Constants (depending upon materials/environment C i = halide concentration (M) (in this case, chloride)
In contrast to literature data, however, these tests indicate that the breakdown is limited in terms of current density increase allowing for further polarization through the occurrence of a passive region. The current density did not increase beyond the limit set by the experimental parameters. The data showing a premature breakdown were similar to the curve shown in Figure 12 . The initial breakdown potential was followed by a region indicative of a passive current density. The transpassive region was reached upon further polarization; however, on the reverse scan there was a crossover through the initial breakdown plateau. Ultimately, there was no traditional repassivation potential. However, the high delta between the OCP and the transpassive potential in these tests may indicate sufficient inhibition due to the slightly higher pH relative to literature data and confirms the inhibitory nature of the chemistry controls for chloride and sulfate. The passive current densities during the CPP scans were also analyzed to determine any significant changes in the protective capacity of the passive film. An increase in the passive current density is typically indicative of reduction in the protectiveness of the passive film. The passive current densities in these tests, shown in Figure 13 , varied approximately between 1-100 µA/cm 2 , with the exception of one outlier. However, the trends indicate that the passive current density is decreasing as the R-value increases. [9] While previous testing has shown an increase in the passive current density with increasing nitrate concentration, the testing here is better represented as a function of R-value since high nitrate concentrations typically included higher inhibitor levels.
Test Indicating Breakdown Potential
The variance of the passive current density is sufficiently significant to derive effects in the CPP response; however, single variable analysis is insufficient to determine synergistic effects of the chemistries. Once the testing is complete, multi-variate statistics will be used to elucidate any synergistic effects on the passive current densities. However, in general, it appears that the passive current density is falling with increasing nitrate concentrations, which in these tests, are concurrent with increasing inhibitor concentration. Therefore, the results appear consistent with highly inhibited solutions. 
Visual Observations
The working electrode was also visually examined at the completion of the CPP scans. Optical microscopy was used to qualitatively assess the amount of visible corrosion on the working electrode surface and compared with the electrochemical test results. The results of the visual examination are shown in Figure 15 as a function of nitrite/nitrate concentrations with the current corrosion control limit overlaid. The extent of corrosion was categorized as (1) none, (2) moderate, or (3) significant. The tests resulting in a working electrode surface as pristine after polarization as prior to the scan were categorized as "none". Working electrode surfaces that were pockmarked with corrosion, regardless of depth, were categorized as "moderate". Working electrode surfaces that exhibited corrosion product growth or showed corrosion over the broad majority of the surface area were categorized as "significant". Examples of each of these categories are shown in Figure 14 .
Figure 14: Categorization of Visual Observations
These results are summarized in Figure 15 as a function of nitrite and nitrate. The summary indicates that the lowest level of inhibitors have several data points that resulted in heavy corrosion, while the majority of the data points near the current chemistry control limit did not corrode. However, the most dilute solutions were subject to corrosion throughout the ranges tested. Sample 23 was continuously monitored during the electrochemical run using solution C061, which contained 0.60 M nitrate and 0.15 M nitrite. The time-lapse photographs are overlaid on the CPP scan shown in Figure 16 . This CPP scan exhibited a small "breakdown potential" near the 400mV-SCE mark similar to the curve shown in Figure  12 . However, this breakdown of the film is much less pronounced and resulted in small increase in current density followed by another short range of passivity. However, a hysteresis is evident on the reverse scan, and although the current density of the reverse scan is nearly that of the forward scan, the repassivation potential is very near the OCP, indicating large regions of potential pitting. The photographs confirm that pitting does not occur until the small breakdown (or change in) of the passive film; however, the pitting continues to grow throughout the CPP scans. The pitting appears to be broad and shallow and the breakdown occurs at nearly 1V-SCE polarization, indicating this condition is largely inhibited against pitting. 
Analysis of Critical Data Points
Two regions are of critical interest to potential reductions in the chemistry control program: (1) the lowest level of inhibitor additions, and (2) the highest concentration of nitrate salts. These two regions are demarcated in Figure 17 . Developing an understanding of the corrosion response with the lowest inhibitor additions can reveal the minimum necessary parameters to prevent pitting. The corrosion response at 1 M NaNO 3 concentrations provides the greatest potential savings in inhibitor additions. The test data that revealed significant corrosion occurred on coupons when tested in conditions with the lowest amount of nitrite added are shown in Table 5 . The data had a consistent ratios and R-values with the exception of the most dilute solution. The CPP scans for these data, shown in Figure 18 , suggest several important trends. The CPP scan performed in the most dilute solution, Test 7: R-value of 0.44, did not contain any evidence of a breakdown potential, suggesting that the observable corrosion initiated in the transpassive region, but had a repassivation potential near the OCP with a significant hysteresis which allowed corrosion propagation. The remaining tests were performed at a constant NO 2 /NO 3 ratio and R-value. Tests 11 and 31, with increasing salt concentrations, resulted in an increase in the current densities as well as pronounced breakdown potentials and "crossovers", schematically shown in Figure 12 . However, tests 61, 81, and 101 resulted in lower current densities and less pronounced breakdowns with increasing anionic concentrations. This phenomenon suggests that either the absolute value of nitrate or nitrite concentration is critical in preventing pitting and corrosion, rather than the ratio of inhibitor to aggressive anions. This is critical in that if the absolute value of nitrite is the controlling parameter, then a plateau potentially exists beyond which nitrite addition as a corrosion inhibitor does not add value. 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 
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Figure 18: CPP Scans with Lowest Level of Nitrite Inhibitor Addition
The hypothesis of an absolute value of critical nitrite concentration beyond which pitting is controlled was tested against the data taken on CPP scans performed with 1 M NaNO 3 , as shown in Figure 19 . The scans indicate a lower passive current density with increasing nitrite concentration and crossover on the reverse scan very near the OCP. This indicates that the solution is largely inhibited. The CPP scans performed in tests 103 (NO 2 = 0.75 M) and 105 (NO 2 = 1.25 M) did not change suggesting that 0.75 M nitrite is sufficient to inhibit against pitting in this regime and any additional nitrite does not increase inhibition, i.e. a plateau effect. The visual observations on the coupon confirm that test 101 resulted in significant corrosion, while tests 103 and 105 did not sustain any corrosion attack even when polarized into the transpassive region. Literature data on the efficacy of the nitrite inhibitor against chloride, sulfate, and nitrate attack on mild steel claims a linear relationship on the log-log inhibitor/aggressor scale. [12] However the data presented in the literature may be credited with the absolute value of nitrite being the critical factor since the aggressive anions were maintained constant through the testing. 
CPP Scans
INTERIM CONCLUSIONS
The technical approach to develop a probability-based chemistry control program was based upon gathering sufficient data to develop a predictive tool for corrosion vulnerability. Electrochemical testing, i.e. cyclic polarization testing, is being performed within the framework of a statistical test matrix to determine electrochemical regimes in which low carbon steel is susceptible to pitting based on a slow linear sweep of the electrochemical potential. The statistical test matrix consists of 105 data points which include various concentrations of the aggressive nitrate/chloride/sulfate anions and the nitrite inhibitor. Each of the data points lies below the current chemistry control program so that a quantified probability of pitting may be used to realize savings in inhibitor additions to tanks that are potentially out of the current specifications.
A subset of the original statistical test matrix, comprising of 50 electrochemical tests was used to develop a fundamental understanding of the corrosion response of the materials in the various environments. The interim results suggest that there lies some critical nitrite concentration that sufficiently inhibits against localized corrosion mechanisms due to nitrates/chlorides/sulfates, beyond which any nitrite additions are unnecessary. The combination of visual observation and the CPP scans indicate a potential for significant inhibitor reductions without consequence specifically at nitrate concentrations near 1 M.
The electrochemical testing for the remainder of the statistical matrix is being completed. The complete data sets will be used to determine the statistical basis to confidently inhibit against pitting using nitrite inhibition with the current pH controls. Complementary coupon testing is also being performed to confirm the electrochemical test scans and to determine any interfacial or vapor space corrosion effects. Once complete, a revised chemistry control program will be devised based upon the probability of pitting specifically for dilute solutions which will allow for tank specific chemistry control implementation.
